Metallic superlattices where the magnetization vectors in the adjacent ferromagnetic layers are antiferromagnetically coupled by the interlayer exchange coupling through nonmagnetic spacer layers are systems available for the systematic study on antiferromagnetic (AF) spintronics. As a candidate of nonmagnetic spacer layer material exhibiting remarkable spin Hall effect, which is essential to achieve spin-orbit torque switching, we selected the Ir-doped Cu in this study.
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in the metallic superlattice have a possibility to lead to the enhancement of SOT. For example, the enhanced field-like SOT at the Pt interface was reported theoretically [40] and experimentally [41] . In addition, the first-principles calculation predicted a giant interface spin Hall angle (θSH) between Pt and Ni80Fe20 [42] . Considering the advantages mentioned above, antiferromagnetically-coupled metallic superlattices are promising systems for the systematic investigation of the SOT on the AF structure if one can find a nonmagnetic spacer layer material simultaneously exhibiting sufficient interlayer exchange coupling and large SHE.
This study focuses on the metallic superlattice with an Ir-doped Cu (Cu-Ir) nonmagnetic spacer layer sandwiched by Co ferromagnetic layers. The Co / Cu / Co and Co / Ir / Co systems are well-known materials combinations which show the interlayer exchange coupling and giant magnetoresistance (GMR) [27] [28] [29] [30] [31] [32] [33] [34] [37] [38] [39] 43] . Thus, the Cu-Ir nonmagnetic spacer layer is expected to show AF-coupling, and may allow us to electrically detect the magnetization orientation through the GMR effect. In addition, Cu-Ir is a promising spin Hall material. Although the nonmagnetic Cu and Ir show negligibly small SHE [44] , Ir-doped Cu was reported to exhibit finite extrinsic SHE [45] [46] [47] [48] , and the resultant θSH of the Cu-Ir was 2.1 ± 0.6 (%) [45] . Therefore, one may anticipate that the Co / Cu-Ir / Co superlattice is a promising system to simultaneously show the AF-coupling and the SHE.
In this paper, we report the systematic investigation of the AF-coupling strength for epitaxially grown Co / Cu95Ir5 / Co tri-layers, and compare the magnetic properties between Co / Cu95Ir5 / Co, Co / Cu / Co, and Co / Ir / Co systems. In addition to the investigation of AFcoupling behavior, we evaluate θSH of the present Cu95Ir5 using two different experimental methods: spin Hall magnetoresistance (SMR) measurement and harmonic Hall voltage measurements. We also discuss the relationship between interlayer exchange coupling and SHE qualitatively. Page 4 
Experimental procedure
All the thin films were deposited on Al2O3 (0001) single crystal substrates using an ultrahigh vacuum magnetron sputtering system with a base pressure of the order of 10 -7 (Pa). The stacking structure of the samples for structural characterization and magnetization measurements is as follows: Al2O3 (0001) subs. / Cr (10 nm) / Au (5 nm) / Cu (35 nm) / Co (2 nm) / X (t) / Co (2 nm) / Cu (2 nm) / Cr (5 nm) , where X = Cu, Cu95Ir5 or Ir. In this study, the samples with X = Cu, Cu95Ir5 and Ir are named Cu interlayer sample, Cu95Ir5 interlayer sample and Ir interlayer sample, respectively. The 10 nm-thick Cr underlayer was annealed at 600 °C in order to obtain a flat surface. The annealing at 800 °C was also performed after depositing the 35 nm-thick Cu underlayer, which led to the alloying of Au and Cu underlayers. The remaining stacks were deposited at ambient temperature. The Cu95Ir5 layer was prepared by co-sputtering Cu and Ir elemental targets. The composition of Cu95Ir5 was determined by inductively coupled plasma (ICP) analysis. Magnetic properties were measured using a vibrating sample magnetometer (VSM) for Cu and Cu95Ir5 interlayer samples, and a superconducting quantum interference device (SQUID) magnetometer for Ir interlayer sample. Atomic force microscopy (AFM) enabled us to characterize the surface morphology and the surface roughness. Structural characterization was carried out using reflection high energy electron diffraction (RHEED) and out-of-plane x-ray diffraction (XRD) with Cu-K radiation.
The transport properties were characterized using four-terminal configurations in a physical property measurement system (PPMS, Quantum Design Japan, Inc.). The films were patterned into a Hall bar structure with a nominal length (l) of 50 μm and a width (w) of 10 μm through the use of photolithography and Ar ion milling. As the electrodes and the contact pads, Cr (20 nm) / Au (200 nm) was deposited using ion beam sputtering. The GMR curves were measured for the Cu and Cu95Ir5 interlayer samples to confirm the AF-coupling electrically as well as the evaluation of GMR ratio. Co / Cu95Ir5 bilayers without the seed layers were also prepared in order to evaluate θSH and the spin diffusion length (λSD) of Cu95Ir5. The stacking structure of the thin film for evaluating SHE is as follows: Al2O3 (0001) subs. / Co (2 nm) / Cu95Ir5 (t nm) / Cr (5 nm). Both the SMR and harmonic Hall voltage measurements were employed for determining θSH and λSD of Cu95Ir5. For GMR and SMR measurements, a direct current (dc) of 100 μA was applied. For harmonic Hall voltage measurements, an alternate current (ac) of amplitude 5 mA and frequency 13.7 Hz was applied using a Keithley 6221 dc and ac current source meter (Tektronix, Inc.). The first and second harmonic Hall resistances were simultaneously measured by two LI5660 lock-in amplifiers (NF Corporation). All the measurements were done at 300 K with an external magnetic field (B) applied in the PPMS. appearance of Cu-Au peak indicate that the Au / Cu layers were completely alloyed by annealing at 800°C. For the samples with the Co layers, namely the Cu, Cu95Ir5, and Ir interlayer samples, an increase in the background could be found around the Co 111 peak position compared to the XRD profile for the buffer layer, which is attributable to the appearance of Co 111 peak. These XRD profiles suggest that the (111)-oriented Co layer was grown on the Cu-Au buffer layer. region such as ferromagnetic coupling or 90° coupling due to the magnetic-dipole field or the fluctuation of thickness originating from the layers roughness [49] [50] [51] [52] . We highlight that AFcoupling-like behavior is observed even for the Ir-doped Cu interlayer. Since the Ir interlayer sample gives rise to much larger Bs and much smaller Mr than those for the Cu interlayer sample, one might expect the enhanced AF-coupling when Ir is doped into Cu. Actually, however, Bs (Mr) was decreased (increased) when 5 at.% Ir was doped into Cu.
Results and discussion

Structural characterization
Magnetic properties
The AF-coupling strength (JAF) was estimated from the magnetization curves. JAF is given by JAF = -(1/2) tCoMsBs, where tCo is the thickness of one Co layer and Ms is the saturation magnetization, with the assumption that Bs is much larger than the anisotropy field within the plane [53] . 
Giant magnetoresistance (GMR)
Measuring the GMR effect is another way to confirm the AF-coupling for the Co / X / Co samples. Figure 4 
Spin Hall magnetoresistance (SMR)
As mentioned in Secs. 3 alloy using two different methods: SMR measurement and harmonic Hall voltage measurement.
The SMR is caused by the collective action of the direct and inverse SHE of a nonmagnetic (NM) layer adjacent to an electrically insulating magnet [18] or a ferromagnetic metal (FM) [21] . SMR can be utilized in order to estimate θSH and λSD of the NM layer [21] . In this study, Co / Cu95Ir5 bilayers were employed for the SMR measurement, which have the following layer stacking: Al2O3 (0001) substrate / Co (2 nm) / Cu95Ir5 (tCu-Ir) / Cr (5 nm). 
The background slopes in high By and Bz regions were corrected from the raw data in order to remove the contributions of the ordinary magnetoresistance and the forced effect. The Δ !! &#$ corresponds to the resistance difference as denoted by the red arrow in Fig. 5(a) .
The inverse of the sheet resistance 1 / Rxx•(l / w) is plotted as a function of tCu-Ir in Fig.   5 (b), when Ic was set to 100 μA with no B. tCu-Ir was varied in the range from 1.5 nm to 6 nm.
The resistivity of Cu95Ir5 (ρCu-Ir) was estimated to be 92.42 μΩ cm from the slope of the linear fit to the experimental data.
Based on a drift-diffusion model, the value of SMR of Δ !! &#$ for the Co / Cu95Ir5 bilayer is given by the following equation [21] :
where, Re[GMIX] is the real part of the spin mixing conductance, showing the absorption of spin Page 10 current at the Cu95Ir5 / Co interface [55] [56] [57] [58] . The parameters of tCo, ρCo, λCo, and P are the thickness, resistivity, spin diffusion length, and the current spin polarization of Co layer, respectively. The current shunting effect into the Co layer is taken into account by ξ ≡ (ρCu-Ir tCo / ρCo tCu-Ir).
The tCu-Ir dependence of SMR ratio is shown in Fig. 5(c) . The experimental data of SMR ratio were well fitted by Eq. 
Harmonic Hall voltage measurements
In addition to the SMR measurements, the harmonic Hall voltage measurements were conducted for the Co (2 nm) / Cu95Ir5 (tCu-Ir) bilayers. Figure 6 According to Ref. [19, 20] , the first and second harmonic Hall resistances (R ω and R 2ω ) are given by implies that the θSH of the Cu95Ir5 layer is positive (the same sign as that of Pt), which is consistent with Ref. [45] . A positive 18 A in our convention then reflects that the FL torque is opposite to the Oersted field.
The accuracy in the estimation of 18 A should be noted here. As explained above, the measured R 2ω did not clearly show the cos2f cosf dependence, which may be attributed to the small RPHE. Therefore, we consider that the estimation of 18 A had low accuracy. An important point is that, in contrast to 18 A , the estimation of +8 A is not affected by the magnitude of RPHE.
Hereafter, we will mainly discuss the DL torque component, and evaluate θSH and λSD of the Cu95Ir5 from +8 A .
The DL spin torque efficiency per unit applied electric field ( +8 C ) can be described 
where is the electric field in the NM layer. By considering the interface spin transparency (Tint), which is given by the ratio of {(BDLMst) / jCu-Ir} to the spin current originating from the bulk SHE (jSHE) and is less than 1, +8 C can be expressed as the product of Tint and the spin Hall conductivity (σSH) defined by (2e/ℏ)jSHE/E. In this study, we assume that the DL torque comes from the SHE in the NM layer through the well-ordered interface without spin memory loss [65] and Tint < 1 dominantly results from the spin back flow. Then, the following relation can be approximately expected [40, 64, 66] :
From the fit to the tCu-Ir dependence of +8 C with Eq. (7), the σSH and λSD for the Cu95Ir5 are obtained, and the resultant θSH is also estimated. Table 1 summarizes the values of θSH and λSD evaluated using two different techniques. The difference between the two estimated values may Page 14 be ascribed to the ambiguity of fitting parameters such as P and λCo. In addition, other mechanisms including anomalous SMR which was reported in the Pt / Co bilayers [67] and anisotropic magnetoresistance in textured FM films [68] , may also contribute to the observed SMR signal. Considering these points, we conclude that the present Cu95Ir5 possesses a relatively large θSH and a short λSD.
Discussion
First, let us discuss the relationship between -JAF through the Cu95Ir5 interlayer and the SHE and λSD in the Cu95Ir5. As discussed in Sec the transport mean free path (lMFP) and the λSD of the conduction electrons for the NM are also an important length scales. We experimentally found that the doping of 5 at.%-Ir significantly shortens the λSD and increases the resistivity. The λSD ≤ 3 nm for the present Cu95Ir5 is two order of magnitude shorter than that for pure Cu, e.g. λSD ≥ 300 nm at room temperature for Cu [69] .
Meanwhile, assuming ρCu ~ 10 μΩ cm, Ir doping at the same level increases the resistivity only by nearly an order of magnitude. λSD in a NM is related to lMFP and the spin mean free path, i.e.
, where vF and τSF are the Fermi velocity and spin flip time, respectively [70] .
In addition, the relationship #17 ∝ 1/ holds according to Ref. [71] . Our experimental data indicate that the shortened lMFP alone cannot account for the drastic reduction of λSD in Cu, upon doping with 5 at.% Ir. Instead, we consider introducing Ir dopant with strong spin-orbit coupling into a Cu lattice of weak spin-orbit coupling dramatically reduces the τSF of the latter by at least Page 15 three order of magnitude. Since the optimum thickness for achieving the strongest coupling (t ~ 0.75 nm) represents a non-negligible fraction of the λSD for Cu95Ir5, we consider the spin flip scattering within Cu95Ir5 spacer may be account for the reduction of -JAF.
The Cu95Ir5 in this study showed θSH = 3.0 ± 0.3 % (4.3 %) and λSD = 2.9 ± 0.8 nm (1.3 ± 0.1 nm) in the harmonic Hall voltage (SMR) measurement. Niimi et al. [45] reported the SHE in Cu100-xIrx with 0 ≤ x ≤ 12 and obtained θSH = 2.1 ± 0.6 % and λSD ~ 10 nm at 10 K. Compared with those values, our Cu95Ir5 shows a larger θSH and a shorter λSD. Although at present the reason for the difference between the present study and the previous one is not definite, we believe that the dominant scattering mechanisms leading to the SHE in the two cases may be different. In the previous study [45] , they claimed that the skew scattering plays a major role for the SHE. However, we consider that our Cu95Ir5 is out of the composition range that the skew scattering is dominant because of the low conductivity (σ ~ 1.1 × 10 4 Ω -1 cm -1 ). Instead, the side jump process or the intrinsic process may be dominant for our Cu95Ir5 because σ ~ 1.1 × 10 4 Ω -1 cm -1 is in the moderately dirty region of 10 3 ≤ σ ≤ 10 5 Ω -1 cm -1 [72] . In the intrinsic region, it is likely that there exists a trade-off between λSD and θSH for Cu100-xIrx, as in the case of Pt, such that the product of λSD and θSH is nearly a constant [65, 73] . This possible scenario may reconcile our results with previous observations.
The striking feature of this study is that the Ir-doped Cu can exhibit large SHE comparable to those for the typical spin Hall materials such as Pt. Since the Pt has already been utilized as a spin current source for SOT switching [10, 12] , we anticipate that the Cu95Ir5 interlayer is one of the promising nonmagnetic materials allowing us to demonstrate the SOT switching in the artificial metallic superlattices with the AF-coupling. In addition, provided that the SHE of Cu100-xIrx can be further enhanced, e.g. by exploiting the interfacial spin current at FM / Cu100-xIrx interface [74] and/or by combining with the large SHE of an appropriate FM [75, 76] , the alloy will be an interesting candidate for achieving efficient SOT switching in Page 16 FM / spacer / perpendicular FM free layer structure, without the need an external magnetic field [77] , which is a prerequisite for next-generation SOT-Magnetic Random Access Memory (MRAM).
Summary
We have investigated the interlayer exchange coupling for the Co (2 nm) / X (t) / Co (2 nm 
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